We report a method for determining the spatial dependence of the magnetic exchange coupling, dJ/dr, from magnetostriction measurements of a quantum magnet. The organic Ni S = 1 system NiCl2-4SC(NH2)2 exhibits lattice distortions in response to field-induced canted antiferromagnetism between Hc1 = 2.1 T and Hc2 = 12.6 T. We are able to model the magnetostriction in terms of uniaxial stress on the sample created by magnetic interactions between neighboring Ni atoms along the c-axis. The uniaxial strain is equal to (1/E)dJc/dxc Sr · Sr+e c , where E, Jc, xc and ec are the Young's modulus, the nearest neighbor (NN) exchange coupling, the variable lattice parameter, and the relative vector between NN sites along the c-axis. We present magnetostriction data taken at 25 mK together with Quantum Monte Carlo calculations of the NN spin-spin correlation function that are in excellent agreement with each other. We have also measured Young's modulus using resonant ultrasound, and we can thus extract dJc/dxc = 2.5 K/Å, yielding a total change in Jc between Hc1 and Hc2 of 5.5 mK or 0.25% in response to an 0.022% change in length of the sample. In many insulating magnets, the magnetic coupling is caused by superexchange interactions created when atomic or molecular orbitals overlap. Since the radial dependence of the orbital wave functions can be quite steep, the overlap integrals and the resulting exchange coupling J depend strongly on the interatomic bond lengths r. Past experiments have probed dependence of J on r using hydrostatic pressure or chemical substitution to vary the bond length, and Raman spectroscopy to measure J. These results were combined with high-intensity X-ray scattering measurements or elastic neutron scattering to determine the bond lengths. 1, 2, 3, 4 Here we demonstrate a simple and novel approach to investigating the spatial dependence of the superexchange interaction in the quantum magnet NiCl 2 -4SC(NH 2 ) 2 (DTN). We use applied magnetic fields to create an effective pressure and measure the response of the soft organic lattice via magnetostriction. The S = 1 Ni ions in DTN form a bodycentered tetragonal structure 5 shown in Fig. 1 . The dominant magnetic superexchange interaction J c = 2.2 K is antiferromagnetic (AFM) and occurs along linear Ni-Cl-Cl-Ni bonds in the tetragonal c-axis. 6, 7 Along the a-axis, J a = 0.18 K is an order of magnitude smaller and no diagonal or next-nearest neighbor couplings have been found within the resolution of inelastic neutron scattering measurements. 6 We thus treat this compound as a 1D system of Ni-Cl-Cl-Ni chains only weakly coupled in the a-b plane. Because J c is sensitive to the Ni inter-ion bond lengths, a magnetic stress is created between adjacent Ni spins along the c-axis. This stress depends on the relative orientation of the two spins, e.g. on the NN spin-spin correlation function S r · S r+ec .
In many insulating magnets, the magnetic coupling is caused by superexchange interactions created when atomic or molecular orbitals overlap. Since the radial dependence of the orbital wave functions can be quite steep, the overlap integrals and the resulting exchange coupling J depend strongly on the interatomic bond lengths r. Past experiments have probed dependence of J on r using hydrostatic pressure or chemical substitution to vary the bond length, and Raman spectroscopy to measure J. These results were combined with high-intensity X-ray scattering measurements or elastic neutron scattering to determine the bond lengths. 1, 2, 3, 4 Here we demonstrate a simple and novel approach to investigating the spatial dependence of the superexchange interaction in the quantum magnet NiCl 2 -4SC(NH 2 ) 2 (DTN). We use applied magnetic fields to create an effective pressure and measure the response of the soft organic lattice via magnetostriction. The S = 1 Ni ions in DTN form a bodycentered tetragonal structure 5 shown in Fig. 1 . The dominant magnetic superexchange interaction J c = 2.2 K is antiferromagnetic (AFM) and occurs along linear Ni-Cl-Cl-Ni bonds in the tetragonal c-axis. 6, 7 Along the a-axis, J a = 0.18 K is an order of magnitude smaller and no diagonal or next-nearest neighbor couplings have been found within the resolution of inelastic neutron scattering measurements. 6 We thus treat this compound as a 1D system of Ni-Cl-Cl-Ni chains only weakly coupled in the a-b plane. Because J c is sensitive to the Ni inter-ion bond lengths, a magnetic stress is created between adjacent Ni spins along the c-axis. This stress depends on the relative orientation of the two spins, e.g. on the NN spin-spin correlation function S r · S r+ec .
In DTN, the NN spin-spin correlation function varies strongly with magnetic field. DTN exhibits AFM order for applied fields along the c-axis between H c1 = 2.1 T and H c2 = 12.6 T and with a maximum Néel temperature of T N = 1.2 K, as shown in the phase diagram in Fig. 2 . The AFM order is confined to the a-b plane at H c1 . However, as the field is increased from H c1 to H c2 , the spins cant along the c-axis and finally saturate for H > H c2 . This is illustrated in the magnetization vs field curve shown in Fig. 2 .
The lack of magnetic order at zero field is due to a strong easy-plane uniaxial anisotropy that creates a splitting D at zero field between the S z = 0 ground state and the S z = ±1 excited states of the Ni ion. In applied fields parallel to the tetragonal c-axis, the Zeeman effect then lowers the S z = −1 state until it becomes degenerate with the S z = 0 state, resulting in a magnetic ground state and AFM order below the Néel temperature. 7 Since the S z = −1 state is broadened by AFM dispersion, the region of overlap between S z = −1 and S z = 0 extends from H c1 = 2.1 T up to H c2 = 12.6 T.
Here we show that the bare NN spin-spin correlation function can be directly proportional to the c-axis magnetostriction. Since all the terms in the magnetic Hamiltonian of this compound have been measured, we can calculate S r · S r+ec using Quantum Monte Carlo simulations to predict the magnetostriction response as a function of the applied magnetic field. By combining these results with resonant ultrasound simulations. 6, 7 The magnetization vs field measured at 16 mK and calculated from QMC is overlayed onto the phase diagram. 8 spectroscopy to determine the elastic moduli, we are also able to extract the leading linear term in the spatial dependence of the exchange interaction J c (r) along the tetragonal c-axis.
We first present magnetostriction measurements that were performed on single crystals of DTN down to 25 mK in a 20 T magnet at the National High Magnetic Field Laboratory in Tallahassee, FL, as described in Ref. 9 . The magnetostriction as a function of H for H||c is shown in Fig. 3 for both the a and c-axes of the crystal. The c-axis magnetostriction ∆L c /L c shows sharp shoulders at the boundaries of the ordered state at H c1 and H c2 , and nonmonotonic behavior in between. The net difference between the c-axis lattice parameter at H c1 and H c2 is 0.022%. The nonmonotonic behavior of the magnetostriction contrasts with the roughly linear dependence of the magnetization M (H) in the region of AFM order between H c1 and H c2 , as shown in Fig. 2 . It also contrasts with the magnetostriction observed in the Cu dimer spin gap system KCuCl 3 , in which the magnetostriction closely tracks the magnetization. 10 The a-axis lattice parameter decreases monotonically by an amount that is an order of magnitude smaller than the change in the c-axis parameter, reflecting the fact that J a << J c . The a-axis behavior is more difficult to explain since the exchange interaction is mediated by an unknown and likely convoluted path, and because the a-axis is subject to significant Poisson forces from the larger c-axis distortion. We thus focus on the c-axis magnetostriction and we suggest a straightforward explanation for its nonmonotonic fielddependence between H c1 and H c2 . The canted AFM order results in two competing forces on the c-axis of the lattice. Near H c1 , the Ni spins order antiferromagnetically, thus creating an attractive force. By reducing the c-axis lattice parameter, the system can increase J c , and thereby lower the energy of the antiferromagnetically aligned spins. However, with increasing field the spins cant, resulting in a ferromagnetic component to the order. The ferromagnetic component stretches the lattice, thereby reducing J c . Once the magnetic field exceeds ∼ 5.5 T, the ferromagnetic component wins and the lattice expands.
We now test this model by calculating the expected c-axis magnetostriction. The energy density of the system can be written as the sum of magnetic and lattice components, ǫ = ǫ e + ǫ m , with
Here a and c are the lattice parameters at zero field. E is Young's modulus along the c-axis and N is the total number of Ni sites. The factor of 2 is required because there are two Ni atoms per unit cell of volume a 2 c. The variable c o is the value of the lattice parameter along the c-axis in the absence of magnetic interactions and external pressure. The variable x c is the new value of the lattice parameter when the magnetic interactions are included. We have neglected the effect of aaxis strain inducing changes in the c-axis via the Poisson ratio since it is a 1 % effect.
The magnetic Hamiltonian H m is:
where e ν = {ax, bŷ, cẑ} are the relative vectors between NN Ni ions along the a, b and c-axis respectively. In this Hamiltonian, the magnitude of the various parameters D, J a , J c , and g have been measured experimentally via ESR and neutron diffraction in combination with Quantum Monte Carlo simulations. 6, 7 We can now obtain the value of x c as a function of magnetic field by minimizing the total energy with respect to x c :
We assume that the only term in H m that depends on x c is the AFM Heisenberg coupling along the c-axis. The single-ion anisotropy D typically has a much smaller dependence on x c . In addition, since the temperature at which the magnetostriction measurements were performed (25 mK) is much lower that any characteristic energy of the system, we will assume that T = 0 K. Under these conditions we obtain:
In Eq. 4 we have applied the Hellman-Feynman and assumed that ∂ xc J ≃ ∂ xc J| xc=c because the relative distortion is very small. Substituting into Eq. (3) we find that:
We know that x c = c for H = 0 and thus,
where S r · S r+ec H=0 indicates that the mean value is computed for a field H = 0. By taking the difference between Eqs. 5 and 6 we obtain:
where ∆L/L = (x c − c)/c. Thus our measured c-axis magnetostriction is proportional to the NN spin-spin correlation function with a proportionality constant of
We can therefore model the experimental magnetostriction data with the parameter κ as the only fitting parameter. We have determined the NN spin-spin correlation function using Quantum Monte Carlo simulations on a 8 × 8 × 24 lattice and the parameters: J c = 2.2 K, J a = 0.18 K, and D = 8.6 K. 7 The results of our model are shown in comparison with the measured magnetostriction in Fig. 4 , with κ = 1.00 × 10 −5 . The agreement between theory and experiment is very good and confirms our hypothesis that the spatial dependence of D is much smaller than the spatial dependence of J and can thus be neglected. This is to be expected since J results from the overlap integral between adjacent molecular wave functions, which can have large radial Temperature-dependence of the major peak near 500 kHz between 5 K and 300 K. The line is a fit to the usual Einstein oscillator model equation 11 and used to extrapolate the resonance to 0 K. dependencies with high power-laws, whereas D depends on crystalline electric fields that change more weakly with lattice distortions. For instance, previous experimental and theoretical works on other compounds have modelled the spatial dependence of superexchange interactions as a power-law J(r) = br −n where r is the relevant spacing between magnetic ions. Values for the exponent n of 10-14 have been reported for metal halides, 2,3 and 2-7 for cuprates. 1, 4 In this work, we are determining the leading linear term in the expansion of J(r), e.g. ∂ r J ≈ −nJ/r. We have neglected higher order terms because the relative change of the lattice parameter c that results from the magnetic stress is always smaller than 0.03% as shown in Fig.3 .
We take our analysis one step further and quantitatively determine the spatial dependence of the AFM exchange interaction dJ c /dx c from Eq. 8. The lattice parameters a = 9.558Å and c = 8.981Å are known from published X-ray diffraction measurements at 110 K. 5 That leaves Young's modulus E as the remaining quantity to be determined before we can extract dJ c /dx c . Thus, we have also measured Young's modulus using Resonant Ultrasound Spectroscopy (RUS) between 300 K and 5 K. 12, 13 Mechanical resonances of a roughly cube-shaped single crystal of DTN were determined at zero field in a Hecooled Oxford Instruments flow-cryostat. The six independent elastic moduli were determined between 300 K and 200 K and their values at room temperature are shown in Table I .
For lower temperatures, determination of all of the resonances used in the fitting procedure became ambiguous. However, two good resonances could be identified down to 5 K and based on the temperature dependencies of these resonances, we extrapolated the value of Young's Modulus to 0 K. Young's modulus E in a tetragonal crystal is given by:
yielding E = 7.5 ± 0.7 GPa at 0 K. Now we can use equation (9) to calculate ∂ x J| x=xo = dJ c /dx c = 2.5 K/Å, yielding a total change in J c between H c1 and H c2 of 5.5 mK or 0.25%. This in turn results in a 0.1% shift in H c2 relative to its value in the absence of magnetostriction effects. The dominant uncertainty in these calculations comes from the 10% error bar in estimating Young's modulus E due to the softness of the crystal.
Previous papers about DTN have assumed that J c is constant when calculating the critical fields, the magnetization, and other field-dependent measurable quantities. 6, 7 Since J c only varies by 0.25%, these assumptions are quite reasonable and well within experimental error. An open question remains, however, whether the symmetry of the crystal is affected by the magnetostriction. DTN has previously attracted interest because the field-induced phase transition at H c1 likely belongs to the universality class of Bose-Einstein Condensation (BEC). 6 The tetragonal symmetry of the lattice creates a necessary condition for conservation of the equilibrium number of bosons, and therefore structural deviations away from tetragonal crystal symmetry could disallow the Bose-Einstein Condensation picture. Since the magnetostriction effects occur gradually at fields above H c1 , the BEC picture would hold right at H c1 as reported, 6 but become less valid at high fields as the structure becomes increasingly distorted. This possibility is currently being further investigated via elastic neutron diffraction and ESR measurements.
It has been suggested that sound attenuation studies, which probe magnon-phonon coupling, are another means of probing the magnitude of J(r).
14 However, as demonstrated in measurements of a similar antiferromagnetic quantum magnet TlCuCl 3 , 15 the wave vector k of the probing phonons is vanishingly small compared to the wave vector of the magnons, and thus the contribution of J(r) to the magnon-phonon coupling is negligible compared to the contribution of D(r).
To our knowledge, the superexchange interaction in Ni-ClCl-Ni chains has not been previously investigated experimentally or theoretically. For DTN, we speculate that the Cl-Cl bond determines the magnitude of J along the Ni-Cl-Cl-Ni chains, since it is the weakest link, being nearly 2x longer than the Ni-Cl bond (4.1Å vs 2.4 or 2.5Å). Early X-ray scattering studies have also implied 5 that the lowest-energy lattice vibrations consist of the NiCl 2 -4SC(NH 2 ) 2 molecule moving as a unit, thus supporting the idea that the Cl-Cl bonds that link adjacent molecules are more susceptible to pressure than the Ni-Cl bonds within a molecule.
In summary, we have measured magnetostriction of the organic quantum magnet NiCl 2 -4SC(NH 2 ) 2 and we have modelled the magnetostriction data by treating the compound as a 1-D magnetic system in which the strong dependence of the superexchange interaction on the bond lengths along the c-axis results in a magnetic stress. To our knowledge, this is the first work in which the NN spin-spin correlation function is shown to be directly proportional to an experimentally measurable quantity. It also presents a new and straightforward method for determining the spatial dependence of the exchange coupling over small distances.
